Abstract: Predictive control has attracted much attention and has been widely used in power electronics and electric drives. However, further developments for applications in the field of renewable energy systems are still under investigation. In this paper, the principles of predictive control are studied with a focus on model predictive control (MPC) and vector-sequence-based predictive control (VPC). Based on these techniques, two control strategies for flexible power supply are developed. They are implemented in the most promising renewable energy systems, namely solar photovoltaic (PV) systems and wind generators, respectively. The experimental results based on a laboratory prototype show that the active and reactive powers supplied by the PV and wind generator can be controlled flexibly with excellent steady-state and transient performance. As the penetration level of the renewable energy sources in electricity network continues to rise, predictive control tends to be an attractive and powerful technique for power electronics converters in renewable energy systems.
Introduction
In electric drives and AC/DC or DC/AC power conversion, a variety of power electronics converters have been utilized, and the corresponding control strategies have been an ongoing research subject over the last few decades. Recently, due to the sharp increase in the exploitation of renewable energy sources such as wind, solar photovoltaic (PV), and wave energy, more and more power electronics converters have been used to integrate the energy sources into the AC and/or DC common buses in a distributed generation (DG) system [1, 2] . As the penetration and capacities of DG units increase, the power converters are required to operate more efficiently and effectively to maintain high power quality and dynamic stability. To fulfill these requirements, advanced control techniques have been intensively investigated in the last years.
Classic linear controllers, together with pulse width modulation (PWM) schemes and nonlinear controllers based on hysteresis comparators, have been the most widely studied and developed control strategies for power converters [3, 4] . Later on more complex control techniques have been proposed as the computing power of microprocessors has increased dramatically. These include sliding mode control [5, 6] , fuzzy logic [7] , genetic algorithms [8] , and neural networks [9, 10] .
In the last few years, predictive control appears as an attractive alternative for power converters and has attracted much attention [11] [12] [13] [14] . For example, predictive algorithms are used to control the current for a four-leg indirect matrix converter [12] , the electromagnetic torque for machines [13] , and the power for grid-connected two-level inverters [14] . The main characteristic of predictive control is the use of the system model for the prediction of the controlled variables. Next, predefined optimized criterion selects the appropriate control set. In fact, several kinds of control methods have been developed under the name of predictive control [15] . The most important types are model predictive control (MPC), vector-sequence-based predictive control (VPC), etc.
Although predictive control has been widely used in power electronics and electric drives, further developments are still under investigation for applications in the field of renewable energy systems, where DG sources are integrated to the local low voltage network through power converters. Taking the advantage of the excellent performance of the predictive control, this type of control approach is pointed to be a promising method in distributed generation and renewable energy systems. In [16] , MPC technique is employed in a grid connected PV system. However, it is only implemented in the boost converter for maximum power point tracking (MPPT). Whereas, the main converter, i.e., the grid-connected DC/AC inverter, is not studied. In [17, 18] , predictive control is adopted to optimize the operational cost of microgrids with renewable energy sources and energy storage. The proposed predictive controller aims for system-level control using control horizons of several minutes or even hours, but it fails to consider the discrete-time models and behaviors of power converters that act as power electronic interface between the renewable energy sources and the grid. This paper fills this important gap in the literature. Its contribution is to extend and explore the feasibility of predictive control and to advance this one step further by developing appropriate control strategies for renewable energy systems. Power converters will be modelled in the predictive controllers and the grid-connected operation will be focused. Specifically, a MPC scheme is developed for grid-connected solar PV systems, while a VPC approach is developed for doubly-fed induction generator (DFIG) wind systems. The importance of this paper can be summarized in ensuring more reliability for the operation of grid integration, exploiting the capability of flexible power regulation of grid-connected distributed generations, and providing better steady-state and dynamic response.
The rest of this paper is organized as follows. The operating principles of predictive control for power converters are reviewed in Section 2, where the most popular types, namely MPC and VPC are investigated. In Section 3, a MPC scheme is developed for grid-connected solar PV systems, while a VPC approach is developed for DFIG based wind energy systems. In Section 4, experimental results are provided to validate the effectiveness of the predictive control strategies, followed by the conclusion drawn in Section 5.
Predictive Control Theory
Predictive control refers to a very wide class of controllers that have been widely used in power converters. Figure 1 shows the architecture of a typical predictive controller. The system model can be expressed as a discrete-time state-space model, the output of which is determined by the input, the current state of the model, and the discrete interval. In this way, the future behavior of the system can be predicted over a time frame. By applying the optimal actuation that is obtained according to a predefined optimization criterion, the control problem can be defined as the determination of an appropriate control action that will force a generic system variable as close as possible to a desired reference value. In this paper, two typical predictive control methods are studied and applied, namely MPC and VPC.
Model Predictive Control (MPC)
In MPC, a system model is used to predict the behavior of the variables over a certain time horizon, and a cost function as the criterion is used to select the optimal switching states [11] . The principle of this control scheme is illustrated in Figure 2a . All the possible system transitions yp(tk+1) can be predicted using the measured value y(tk) at the control actions according to a prediction model {y(tk), N}. This prediction model is directly derived from the discrete-time model of the system, and it is various depending on the control objectives. Take N = 1 as an example, the system behavior at k + 1 instant can be predicted with the measured value y(tk) and n possible voltage vectors, resulting in n possible values yp1, yp2, …, ypn, as depicted in Figure 2b .
Next, a cost function will be formulated to evaluate the effectiveness of all the possible voltage vectors on the system performance. The voltage vector that minimizes the cost function will be chosen for the next sampling period. For example, if yp3 is closest to y*, the voltage vector producing yp3 will be selected to control the converter between k and k + 1 instants. The advantage of MPC is that it allows the easy inclusion of system constraints, thus different control objectives can be flexibly taken in account in different applications. Another remarkable merit of MPC is the inclusion of nonlinearities, such as harmonic spectrum control and switching frequency reduction. The key is to choose the appropriate weighting factors to get a satisfactory tradeoff between the control objectives.
Notice that all the work mentioned above use a short horizon (usually equal to 1), which is called "Finite State Predictive Control". There is another research area that considers longer control horizons (N > 1) such as power management of a hydrogen-based microgrid in [19] , and PV plants with energy storage in [20] . For the sake of simplicity, N = 1 is adopted in this paper.
Vector-Sequence-Based Predictive Control (VPC)
This predictive control strategy selects an optimal set of concatenated voltage vectors in such a way that the controlled variables converge toward the reference values along a fixed predefined switching period [21] . Figure 3a depicts the basic principle of this method. In order to correct the error between the reference and the measured value, i.e., to enable the controlled variables to track the reference, an appropriate vector sequence is selected. After that, the optimized duration of each voltage vector applied within the control period is calculated according to some specified criteria. The criteria could be different. As illustrated in Figure 3b , it could be forcing y equal to y* at the end of the period, or making the mean value of y equal to y* over the entire period, or making the root-mean-square (RMS) value of y over one period to be minimal. The key of this predictive control method is to calculate the optimized durations (ti) of vectors using the measured y(k), the reference y*, and the derivatives σ1, σ2, and σ7. These derivatives indicate the effects of vector sequences on the controlled variables. This method presents several advantages including the elimination of PWM modulators, excellent reference tracking ability, and constant switching frequency. It has been utilized in many systems, e.g., power control of rectifiers/inverters [22] , torque and power control of electrical machines [23] .
Application of Predictive Control in Renewable Energy Systems
In this Section, the predictive control approaches will be implemented in practical renewable energy systems. Because wind and solar PV are the two most promising and fastest growing renewable energy resources in the world [24, 25] , they will be used here as application examples to demonstrate the effectiveness of the predictive control strategies. The conventional three-phase twolevel IGBT power converters are adopted.
MPC for PV Systems
Solar energy is a renewable power source being widely exploited all around the world. PV technology involves converting solar energy directly into electrical power by means of solar cells, which are usually manufactured and combined into modules. For PV system, several useful topologies have been studied and applied [26] . Figure 4 shows a typical configuration of PV system where several strings are interfaced with their own DC-DC converter for voltage boosting and then connected to a common DC bus. After that, a common DC-AC inverter is used for grid interfacing. Usually the MPPT is implemented on the DC-DC converter, while the grid synchronization and power regulation are achieved by the grid-side inverter.
Since the MPPT techniques are mature and well developed, in this paper we concentrate on the control of the grid-side common inverter of the PV system (see Figure 4) . Although many control schemes have been developed for grid-connected inverters, MPC is seldom mentioned in this application. Actually grid-connected PV systems should be controlled to regulate active and reactive powers flexibly for voltage support and power quality improvement [27] . In this sense, flexible power regulation capability for a DG unit becomes more and more significant. Here, a MPC strategy of grid-connected inverters for PV system is developed and implemented. For two-level inverters, there are eight possible voltage vectors generated by the inverter (six active vectors and two null vectors), and the α-β plane is divided into six sectors, as shown in Figure 5 . According to the equivalent circuit in Figure 4 , the system mathematical model can be expressed as:
where Vi and Vg are the inverter output voltage vector and grid voltage vector, respectively; I the line current vector; L the filter inductance; R the filter resistance. The instantaneous active and reactive powers exchanged between the PV and the utility grid can be expressed as:
where α and β represent the real and imaginary components of the space vector expressed in the stationary frame. According to Equations (2) and (3), the active and reactive power derivatives can be calculated as:
Considering sinusoidal and balanced line voltage, one can obtain:
Thus, the inverter output active and reactive power derivatives can be obtained by substituting Equations (1), (6) and (7) into Equations (4) and (5) as:
Therefore, the predicted power at the end of the sampling period Ts can be expressed as:
Now the predictive model has been obtained mathematically with Equations (10) and (11) . Figure 6 depicts the block diagram of the proposed MPC strategy for grid-connected PV systems. After the power is predicted, the next step is to evaluate the effects of each voltage vector on active and reactive powers and then select the one producing the least power ripple according to a specific cost function. Here, the cost function is defined as follows considering the same weighting priority for P and Q:
Once the optimal voltage vector is determined, it will be applied during the next sampling period to control the inverter. 
VPC for Wind Power Generation
The DFIG and permanent magnet synchronous generator (PMSG) have dominated the global wind generator market. In this paper, the DFIG based wind system is studied. The DFIG has several advantages including maximum power capture over a wider speed range and decoupled active and reactive power control. It also allows the use of a partially rated converter which reduces the system cost [28] . Figure 7 shows the scheme of a DFIG based wind power generation system. The stator is directly connected to the grid, while a partial-scale power converter controls the rotor frequency and thus the rotor speed. Usually, the controller of the rotor side converter regulates the electromagnetic torque and supplies part of the reactive power to maintain the magnetization of the machine, while the controller of the grid side converter regulates the power factor and maintains the DC link voltage. In this paper, the control of rotor side converter is focused. Here, the VPC will be adopted to control the rotor-side converter. As illustrated in Section 2, the objective of the VPC is to evaluate the effects of the possible vectors on the control variables, and then arrange an optimal set of concatenated voltage vectors, in such a way that the controlled objective converges toward the reference. Therefore, it is necessary to find out the effects of vectors on the wind power generator system. The mathematical equations for a DFIG are now well known but for completeness they can be expressed in the rotor frame using complex vectors as:
Voltage equations:
Flux equations:
Power equations:
The derivatives of the stator output active and reactive powers can be expressed as:
According to Equations (19) and (20), the power derivatives against rotor flux position in steady state for a DFIG wind generator can be obtained, as graphically depicted in Figure 8a . Now let us perform an analysis of the power derivatives. For instance, assuming that the rotor flux is located at the sector S3 while the active and reactive powers are both greater than the referenced values: V4 produces negative active power derivative (or "slope") and negative reactive power slope; V5 produces negative active power slope and positive reactive power slope; while the null vectors (V0 and V7) generates very small power slopes. Based on this analysis, if the vector sequence V4-V5-V0 is applied, the active and reactive power can be well controlled, which is well illustrated in Figure 8b . In this way, the first two active vectors are used to correct the power errors, while the presence of the null vector is very useful at steady state because it produces relatively small power variation, resulting in the reduction of power ripples. The vector selection scheme of VPC is summarized in Table 1 . The vector sequence selection is related to the sign of the active power error ∆P because reactive power will be also controlled regardless of ∆Q sign, due to the fact that the first two active vectors produce opposite reactive power slopes, as illustrated in Figure 8a . Notice that the null vector should be chosen between V0 and V7 according to the principle of switching frequency reduction. After the three vectors are selected, the next step is to calculate the vector durations of t1 and t2, according to a specified criteria, as illustrated in Section 2. Here, t1 and t2 are computed by making the values of P and Q equal to their references at the end of each sampling period. The overall control strategy of VPC is illustrated in Figure 7 . First, the wind generator status such as grid voltage, stator current, and rotor speed are measured. Based on these, the actual active and reactive powers will be calculated. Next, voltage vector sequences will be chosen from Table 1 according to the actual values of powers and the rotor flux position. Once the vector sequences are determined, the optimum duration of each voltage vector will be computed with the purpose of forcing the actual powers to track the references. Finally, the gate driving signals will be produced in PWM modulator. Table 1 . Vector selection strategy.
∆P (P*-P)
Vector Sequence (k is the Sector Number) >0 Vk−1-Vk-2-V0,7 <0 Vk+1-Vk+2-V0,7
Experimental Verification
The experimental test has been carried out in a laboratory renewable energy test platform, as shown in Figure 9 . In the wind system, a DC motor is used to simulate the wind turbine, which is connected to a 20 kW DFIG via a gear box. In the 10 kW PV system, an Asea Brown Boveri (ABB) DC source with 300 V DC output is use to simulate the PV panel output. The system parameters are listed in Table A1 in the Appendix A. Two dSPACE DS1104 PPC/DSP control boards (dSPACE GmbH, Paderborn, Germany) are employed to implement the real-time algorithm using C language for converter control. The system variables such as voltage, current and rotor position are sampled using the Control Desk. Since the conventional switching table based direct power control (SDPC) developed by Noguchi et al. [29] is a widely employed and accepted control strategy in the scientific community, it is used here as a benchmark reference for all the tests in the paper. 
Experimental Results of MPC for PV System
In this test, the PV output is simulated by a DC voltage generated by an ABB rectifier. The proposed MPC scheme is implemented in the grid-connected inverter. The control objectives are the inverter output active and reactive powers, i.e., the power flows between the PV system and the grid. The parameters of the 10 kW PV system are shown in Table A2 in the Appendix A. The results in this test are presented using Per Unit. The powers supplied from the PV system to the grid and the inverter output currents are measured.
To evaluate the dynamic response of the proposed controller, the active power reference steps down from 0 pu to −0.8 pu and then steps up to 0 pu, while the reactive power reference is kept constant at zero. It is noted that the negative active power indicates that the PV system is feeding energy back to the utility grid. In other words, the current is flowing from the inverter to the grid side. Figure 10 shows the system dynamic response. It can be seen that the active powers are able to drop down to −0.8 pu at 0.01 s in a fast manner by using both SDPC scheme and the proposed MPC scheme. When the active power reference steps up to 0 pu at 0.05 s, it can be observed that the proposed MPC method can reach the new state slightly faster than conventional SDPC scheme, presenting excellent tracking ability. The main difference between two methods goes to the steadystate performance. It can be seen that the proposed MPC scheme results in less active and reactive power ripples in steady state.
To obtain a better comparison, Table 2 compares the steady-state performance in terms of the active power ripple Prip, reactive power ripple Qrip and the line current (i.e., the current injected from PV to the grid) total harmonic distortion (THD). The power ripples are calculated using standard deviation. Thanks to the vector selection according to an optimized cost function, the power injected to the main grid of the proposed MPC strategy is well controlled. In SDPC, the active power ripple and reactive power ripple are 88.53 W and 112.92 Var respectively, whereas Prip and Qrip are reduced to only 79.36 W and 82.65 Var respectively in the proposed MPC. Consequently, the line current THD is reduced from 8.27% to 6.14%. A comprehensive dynamic response of the MPC is also tested. A severe power variation was demanded, and the control strategy provokes that the system responds to that demand in a quick and safe manner. The active power reference stepped down to −1 pu at 0.05 s and then stepped up to 1 pu at 0.15 s, while the reactive power reference was changed to −0.5 pu at 0.1 s. Figure 11 presents the detailed dynamic response under such power variations condition. It can be seen that the new steady state can be reached in a fast manner without over currents. As explained before, optimum voltage vector is chosen in every sampling period to control the powers in MPC algorithm. Therefore, the active and reactive powers are able to track their references tightly. 
Experimental Results of VPC for Wind System
In the wind system test, the proposed VPC is implemented in the rotor-side converter. The dc-link voltage is established by the grid-side converter and it is out of the scope of this paper. The rotor speed is 1200 rpm, unless explicitly indicated otherwise. Similar to the test in the PV system, the control objectives are the output active and reactive powers at the stator of the wind generator, i.e., the powers exchanged between the wind generator and the grid. Once again, the active power reference features a stepped change from 0 pu to −0.75 pu, the transient response in powers and currents are measured and analyzed.
The experimental results are shown in Figure 12 . From top to bottom, the waveforms are active power, reactive power, rotor currents, and stator currents, respectively. It can be seen that the active power using proposed VPC method can tracking the reference tightly and fast as well as SDPC approach. Besides, no dangerous overshoot currents in the rotor and the stator are observed during transient. It is noted that, due to the application of the proper vectors sequence at each sampling period, the power ripples using the proposed VPC strategy are reduced considerably, leading to an overall improvement of stator and rotor currents. Figure 13 shows the stator current spectrum comparison. It can be observed that the stator current THD of VPC is 7.31% with the higher order harmonics appearing at 4 kHz frequency and its multiples. This is lower than 9.81% of SDPC with a broad harmonic spectrum. As explained in Section 3, two active vectors and one null vector are applied in every sampling period. And their applied durations are calculated by making the values of P and Q equal to their references at the end of each sampling period. Therefore, the active power and reactive power are better controlled than those in SDPC where only one vector is applied in every sampling period. As a result, an overall improvement of stator and rotor currents can be achieved in terms of THD. To obtain a clear comparison, the quantitative results using SDPC and VPC are tabulated in Table 3 . It is seen that VPC can reduce the THD of the current and the power ripples considerably at an even lower switching frequency, compared to SDPC. Another important issue needs to be mentioned is the power quality requirement for grid-connected energy sources. The International Electrotechnical Commission (IEC) initiated the standardization for wind turbines. The current standards for grid-connected PV include EN 61000-3-2, IEEE 1547 and the US National Electrical Code (NEC) 690, however, there is no specified maximum allowed reactive power [30] and they do specify the power factor constraints. For example, the allowable power factor of 1.0 ± 0.05 is the widely accepted requirement by most of the standards in industry. Thus, it is worth mentioning that nowadays grid regulators tend to allow wind turbines and PVs to actively regulate the reactive power injected into the grid to participate in grid stabilization and voltage support, considering the potential reactive capability of such grid-connected energy systems. 
Conclusions
This paper has reviewed the most important types of predictive control approaches, namely model predictive control and vector-sequence-based predictive control. The basic principle of each control strategy has been comprehensively investigated. They are then employed in renewable energy systems such as wind power generation and PV power generation. Application examples have been described in details, and experimental verification is provided to demonstrate the feasibility and effectiveness of predictive control in laboratory prototypes.
Predictive control is an open control approach for new applications for renewable energy sources. With the increasing level of renewable energy sources penetration in existing power system, new challenges have been posted to the control of these distributed generation units (DGs). The DGs are not only controlled to injected power into the main grid, also required to participate in grid support by flexible power regulation. The authors believe that it is a tendency to apply predictive control renewable energy systems for its excellent steady-state and transient response. 
